Abstract: The temperature T dependencies ρ(T ) of normal state electric resistivities ρ c (axial) and ρ ab (in plane) of single-layer high-T c superconductors show common trends: As T is raised, the resistivity first drops steeply before it starts rising ∝ T above an apparent semiconductor-to-metal crossover T cross . To analyze ρ(T ) we plott T /ρ against T at various dopings x for both ρ c and ρ ab . T/ρ is inversely proportional to the traversal time across a potential barrier as an ionic particle drifts in an electric field. We find T/ρ in good agreement with the T dependence of the quantum rate of migrating particles: As T is raised, a zero-point rate at the lowest T is extended to a nearly flat plateau before a thermally activated branch sets in. We also find evidence for the admixture of 1-& 2-phonon absorptions below the Arrhenius range. These features shape the semiconductorlike branch below T cross . Above T cross a metallic-like branch sets in, its ∝ T character deriving from the field coupling of the migrating particle. Our analysis suggests that metal physics may not suffice if ionic features play a role in transport. We attribute our conclusions to the drift of strong-coupling polarons along Cu-O bonds. These "bond polarons" originate from carrier scattering by double-well potentials associated with the bonds. A bond polaron dissociates to a free hole as it passes onto a neighboring O-O link.
Introduction
Although numerous theories have been proposed in the literature, ever since the discovery of high-temperature superconductivity in layered perovskites [1] , the phenomenon is not yet understood. There are two basic prerequisites for superconductivity: pairing and longrange phase coherence, as secured by the interlayer coupling [2] . While pairing has been interpreted in terms of either phononic or nonphononic mechanisms [3, 4] , the interlayer coupling has been regarded as Josephson tunnelling [5] , resonant tunnelling [6] , or as a charge transfer (CT) between relevant atomic and molecular orbitals [7] . A path-integral analysis has shown that a (coherent) axial transport may result from the interaction of fermionic excitations with double-well potentials associated with apex oxygens [8] . However, magneto-resistance data over a wide doping range suggest that the axial transport in La 2−x Sr x CuO 4 is an incoherent process, in which carriers undergo significant in-plane scattering before hopping to the adjacent CuO 2 plane [9] . Incoherent boson-assisted hopping models have earlier been considered accounting for specific features of the axial transport [10] . In any event, pairing and interlayer coupling have signatures imprinted on the optical absorption spectra and on the c-axis transport, respectively [11, 12] .
The normal-state properties of HTSC are believed to hold the key to understanding the superconducting mechanism. One of them, the electrical resistivity in anisotropic HTSC, is different in ab-plane (electric field F ab) and along the c-axis (electric field F c). Both ρ ab and ρ c have been measured as functions of temperature T and doping x in crystals with carrier concentration and electronic state controlled through chemical substitution, or by an external magnetic field (B c) applied to inhibit pair formation [4, 13] . In particular, the temperature dependence of ρ ab showed a semiconductor-like decrease with the temperature (dρ/dT <0) at the lower temperatures, followed by a metallic-like increase with the temperature (dρ/dT >0) at the higher temperatures, with the crossover occurring roughly near T c at B=0. A similar behaviour is displayed by ρ c too, though now the semiconductor-and metal-like features do not coexist at given x but appear one after the other in the temperature curves as x is increased beyond optimal doping. ρ c looks less divergent than ρ ab as T tends to zero. While a metallic behaviour in normal-state may be anticipated, the semiconductor-like behaviour in the superconducting range remains more or less enigmatic. For instance, the activated branches have been attributed to two factors: disorder-induced Anderson's localization upon chemical substitution (ρ ab ) [14] , and scattering by double-well potentials (ρ c ) [8] . In so far as double wells produce offcentre sites, which break the translational symmetry, they can be regarded as manifesting disorder, hence the interrelation between the two factors.
Among theories addressing the axial transport problem in La 2−x Sr x CuO 4 , we should mention papers deriving a resistivity controlled by inelastic scattering in an incoherent transport [5, 10] (though in trouble with the temperature data on either side of the I-M crossover), a phenomenological model with 4 adjustable parameters accounting for major features of the c-axis resistivity [15] , a path-integral analysis leading to a coherent axial transport dominated by scatterers caused by double-well potentials associated with apical oxygens [8] , and an axial transport due to a fluid of polarons and bipolarons [11] . Since polaron and bipolaron fluids are somewhat close to our own vision of the transport in high-Tc cuprates, we comment on the relevant literature references in some detail. Both resistivities ρ ab and ρ c have been dealt with in the frameworks of the bipolaron theory. A mixture is considered of non-degenerate quasi-2D spinless bosons (bipolarons) and thermally excited fermions (polarons), which can propagate interplane as well. The crucial assumption is that, while the in-plane transport at any temperature is dominated by the bipolarons, the c-axis transport at intermediate and higher temperatures is mainly carried by the polarons, which are lighter [16] . The overall in-plane resistivity is composed of a logarithmic term arising from an elastic scattering from shallow traps, an inelastic boson-boson scattering term (∼ T 2 ), and a temperature-dependent carrier density due to Anderson's localization [17] :
shown to fit well the experimental data on La 2−x Sr x CuO 4 [18] . Here T 0 , T L , and T B are parameters and the reader is referred to the cited paper for details. The logarithmic singularity as T → 0 claimed to have been observed experimentally is readily exhibited. The c-axis resistivity obtains from [16] :
where ∆ is the binding energy and y is the magnitude of the chemical potential of the bipolarons. It should be stressed, however, that we do not make use of the bipolarons in our study, being concerned with normal state properties only.
Owing to the intercalation of a rock salt layer between adjacent conducting CuO 2 planes, as well as to the resolved vibrations of the ingredient ions that couple virtually to the electronic transitions, the axial transport should rather be regarded as one closer to resonant tunnelling in a dynamic CT. Evidence for the dynamic coupling has been found in c-axis polarized optical spectra. Concomitantly, the number one purpose of the present work is analysing the relevant atomistic steps involved in the axial polaron transport.
Many axial features are qualitatively similar to those imprinted on the in-plane optical conductivity spectra. However, our main effort will focus on a model for the axial charge leak of interplane coupling. In accordance, the present theoretical effort will mainly aim at ρ c . Deriving expressions for the in-plane resistivity ρ ab would require incorporating specific planar geometries and bond lengths. Yet, parallel attention will also be paid to ρ ab to emphasize similarities and differences.
In particular, we analyse the resistivity data by means of an electric current formula originating from the theory of strong electrolytes [19] . Having found the method applicable, we propose the following physical scenario for the dc conductivity: The axial current runs along a network of "nanowires," composed of molecular O(A)-Cu(P)-O(A) and O(A)-O(A) segments. Here O(A) stands for an apical oxygen, O(P) is an in-plane oxygen, and Cu(P) is an in-plane copper. Once on a segment of the former group, the carrier is scattered by double-well potentials caused by the dynamic coupling of bondstretching vibrations to the apex oxygen 2p z orbitals and in-plane copper 3d z 2 orbitals mixing them to produce vibronic effects. Thus the vibronic coupling turns incoming hole carriers into 1D small polaronic species, which we refer to as "bond polarons" to underline their specific appearance. Conduction by bond polarons along the former segments is the bottleneck of the axial current. As an outgoing carrier proceeds onto the subsequent segment of the latter group, it undresses its phonon cloud and decomposes to a free hole. Accordingly, transport along the latter segments is fast and phonon decoupled. In this way, the conduction along the nanowire network is carried by a sequence of alternating bond polarons and free holes. There are certain peculiarities of the bond-polaron transport, such as the opening of an electronic energy gap in the manifold of hybridized O(A)-Cu(P)-O(A) molecular orbitals. We hope the picture just sketched may be found useful for modelling transport processes in multilayer systems.
Axial resistivity
For analysing the resistivity, we shall follow a method based on the classical definition of a temperature-dependent "drift velocity". See Figure 1 for an illustration of the conceivable steps of a charge leak along the c-axis: There are two essentially different steps. Accordingly, the axial electrical resistivity will be obtained from
while σ I and σ III are defined as (cf. [7] )
where F is the external electric field applied along the c-axis. We also propose the following approach to σ II :
N is the axial carrier density, e is the electronic charge, R Cu−O and R O−O are the respective bond lengths, and t pd and t pp are hole hopping terms. Using Coulomb potentials, apical oxygen 2p x,y,z orbitals, and copper 3d z 2 orbitals to calculate the hopping energies, we show that t pp ≫ t pd (cf. Figure 2) , which implies that the Cu(P)-O(A) step is the bottleneck of the axial transport. p is an electric dipole associated with the Cu(P)-O(A) CT [20] . The temperature dependence of ρ c is basically carried by k 12 (T ) which is a dynamically-coupled, barrier-controlled CT rate described at length elsewhere [7, 21, 22] . The expression within square brackets in equation (2) is the apparent carrier mobility µ I . In an ionic crystal approach, appropriate for events along the c-axis, the mobility is characteristic of a coherent polaronic transport towards the apex sites. Accordingly, we define the drift velocity of a carrier scattered by the double-well barrier as the ratio of the respective bond length to the average barrier-traversal time τ 12 Theoretically it is possible to regard the 2D motion in the oxygen sublattice as equivalent to a 1D motion in the copper sublattice forming Zhang-Rice singlets. Because of symmetry, Cu(P) may be conveniently considered to be the hole-residing site as the axial current intercepts the ab-plane. Alternatively, one could incorporate the square of four O(P) ions {O(P)} 4 in the axial process, such as O(A)-{O(P)} 4 -O(A), {O(P)} 4 replacing the Cu(P) hole, and again tackle the problem similarly.
It would be instructive to analyse the above definition in terms of the 'drift mobility' in the presence of shallow traps. Let µ m be the 'microscopic mobility' of a carrier such as determined by scattering from impurities and from acoustic or optical phonons. Let τ t = (γ t N t ) −1 be the average time between two subsequent trapping events (carrier trapping time), while τ g = (γ t K t ) −1 be the average lifetime of a trapped carrier. Here γ t = σ t u is the trapping coefficient (σ t and u are carrier capture cross-section and thermal velocity, respectively). N t is the trap density, K t ∝ exp(-ε t /k B T ) is the statistical equilibrium mass-action constant of the trapped species, ε t being the trapping energy. We obtained τ t and τ g by elementary kinetic theory, making use of the detailed balance. Since the carrier is only mobile when free during a portion of its overall time, its apparent 'drift mobility' will be µ d = µ m ×τ t /(τ t +τ g )≈ µ m τ t /τ g , since usually τ t ≪ τ g . Now the electrical resistivity ∝ µ −1 d will be ρ ∝ exp(ε t /k B T ), which only accounts for the lower-temperature branch of the observed ρ(T).
We see that carrier scattering by shallow traps tells part of the story only. In a logical step, we assume the trapping sites to be the Cu(P)-O(A) bonds. Indeed, the axial transport in La 
2 . Undoubtedly, the agreement of our theoretical rates with the experimental T/ρ(T ) data is evidence for the formation of bond polarons during the bottleneck steps of the axial charge transfer. Our bond polaron transfers charge from a Cu(P) site to an adjacent O(A) site, giving rise to the observed current. At the end, the bond polaron decomposes to a free hole at the O(A)-O(A) link step before reappearing again in a subsequent CuO 6 octahedron.
Axial Hamiltonian
For introducing the rate k 12 = τ −1 12 , it will be feasible to consider a two-site Hamiltonian describing the physics of a phonon-coupled electron transfer between two orbitals [23] :
where i, j, and n are site labels and α and β = 1, 2 are labels of the electronic energy levels. a nα , etc. are hole (fermion) annihilation operators in site representation; t ijαβ and ε nα are hole hopping and local energy terms, respectively. G nαβ are the hole-phonon mixing constants, P n , K n = M n ω 2 bare , M n , and ω bare are correspondingly the momentum, stiffness, reduced mass, and bare vibrational frequency of the coupled phonon mode with coordinates Q n , etc. Although a single mode is assumed for simplicity, multimode generalizations are straight-forward. Allowances are made for both local and nonlocal electron-mode coupling via the dependencies on the mode coordinates of the electronmixing part and the electron hopping terms, respectively. The complete Hamiltonian should read H = H P JT + H ab whereH ab incorporates hopping and local energy terms built up by in-plane operators, such as a nγ (γ = 3d x 2 −y 2, 3d z 2, 2p x,y , etc.), as well as a hopping term mixing in-plane 3d x 2-y 2 (b 1g symmetry) holes with 3d z 2 (a 1g symmetry) holes. The tetragonal symmetry notation in brackets reminds us that not only copper orbitals but also oxygen ligands of the proper symmetry may be involved. Solving for the eigenvalues of H would give energy bands, as found elsewhere [24] . However, under the conditions of an axial hole hopping much slower than its in-plane counterpart, the axial component H P JT can be dealt with separately. Alternatively, in view of the low occupancy of the Cu(P) 3d z 2 level, hole hopping from the planar orbitals to 3d z 2 is but a small perturbation, and the main axial transport features may be obtained to the zeroth-order approximation by solving for H P JT alone. We will postpone solving for the higher-order eigenstates for a future study. In any event, H P JT will account for the main features of the c-axis transport unless 3d z 2 holes mix too much with the 3d x 2 −y 2 band holes, which does not appear to be the case. Alternative axial leaks are conceivable via the direct coupling of in-plane a 1g or b 1g band holes to 2p z (a 1u symmetry) O(A) orbitals.
Taking the example of a two-level system,
solve for local adiabatic eigenvalues (the site labels dropped for simplicity):
where + and -refer to U (upper branch) and L (lower branch), respectively. The lower branch is double-well at 
where
π: |L,0>=|1>, |U,0>= |2>; at the lateral wells for large
−1 (|1>+|2>), antisymmetric and symmetric combinations of the basis eigenstates, respectively.
Cluster calculations
In order to reveal the electronic energy levels most likely involved in the vibronic mixing interaction, we carried out cluster calculations by the Extended Hückel Method [26] . For that purpose, we considered a cube composed of eight La 3+ ions comprising a Cu 2+ .6O
2−
octahedron, as shown in Fig.1 , assuming the ionic valent charges. However, the total charge of a cluster can be varied depending on the goals of the particular calculation. Thus a total charge of q=+14 is the sum of the ionic charges in an undisturbed cluster, while q=+15 is the total charge of a cluster to which an extra hole is added. Varying the total charge does not change the energy level spectrum but only the populations of the levels. For q=+14, there is an uppermost, unpaired 3b 1g electron at ε b1 = −11.524 eV, while the subsequent higher-lying 4a 2u level at ε a2 = −9.099 eV is empty. The respective energy-level separation of ∆ b1−a2 = 2.425 eV may be favorable for mixing by the A 2u mode: At K=1.624 eV/A 2 of a two-atom oxygen vibrator at Ω=235 cm −1 , strong mixing should occur for G>1.403 eV/A. For q= +15, the extra hole would normally reside on the 3b 1g orbital. Now, the same mixing will persist if one of the two lower-lying 5a 1g electrons at ε a1 = −13.317 eV is lifted to the 3b 1g state at ∆ a1−b1 =1.793 eV above, that is, if the extra hole resides on the 5a 1g orbital. Indeed, this is the prerequisite for the interlayer hole leak. The 8La 3+ .Cu 2+ .6O 2− cluster being a building block, our numerical calculations provide estimates for the b 1 and a 1 energy band gaps of a La 2 CuO 4 crystal.
Phonon-coupled axial rate
The two-site rate of horizontal energy-conserving transitions in a strongly-quantized vibronic system at sufficiently small η reads [21] :
where the expressions within small curled brackets are electron-transfer and configurationaltunneling probabilities, overbarrier for E n >ε B and underbarrier for E n <ε B , respectively,
is Landau-Zener's parameter,
is a quadratic form of Hermite polynomials, and ω=2πν is the angular vibrational frequency. We set W C =1 for the overbarrier tunnelling probability. q 0 and q C are the scaled absolute well-bottom and crossover coordinates, respectively, q=(K/ηω) 1/2 Q, Q being the actual configurational coordinate.
The remaining parameters controlling the isothermal rate are ε R , the lattice-relaxation energy, ε C , the crossover energy, and ε B , the interwell energy barrier, as in Figure 3 , which depicts a symmetric double-well potential. They relate to η = ε αβ /4ε JT with ε JT =G 2 /2Kby way of
The dynamic CT rate k pd (T ) depends on three fitting parameters; we presently took them to be η, ε B , and ω.
The isothermal symmetry of the double well in Figure 3 follows from the requirement that the current be reversible forth and back along the c-axis. Under the original t dp ≪ t pp condition, the interwell barrier ε B can be regarded as an ionization barrier for the Cu(P)-O(A) bond.
Analyzing experimental resistivity data
Extensive experimental studies of in-plane and out-of-plane resistivities in single crystals of La 2−x Sr x CuO 4 have been reported lately, as have some studies of Bi 2 Sr 2−x La x CuO y [13] . The normal state range has been extended down to very low temperatures (below T c ) in a high external magnetic field to suppress the superconducting pair formation. Both ρ ab and ρ c have displayed similar temperature dependences at various doping levels: In the underdoped range, a descending (semiconductor-like) temperature dependence below a cross-over minimum at several tens of K is followed by an ascending (metallic-like) ∝ T branch above the crossover. Curiously, the crossover temperature falls near the onset of the orthorhombic-to-tetragonal low-temperature structural phase transition in doped specimens. The descending branch is suppressed as x is increased and nearly disappears at optimum doping. Consequently, the temperature behaviour of both ρ ab and ρ c turns completely metallic, still very nearly following the ∝ T law in the overdoped range. The difference between ρ ab and ρ c is quantitative, but the higher-temperature metallic branch is missing in ρ c at low x, there being a nearly temperature-independent resistivity range instead.
We interpret the experimental dependencies in terms of equations (1)- (3) where the CT rate k 12 (T ) is given by the reaction-rate formula (7), while the doping dependencies are attributed to a free-hole suppressed JT-elongation of the Cu(P)-O(A) bond length, as suggested elsewhere [7] . We note that both the insulating and metallic branches are accounted for by the dynamic-rate formula, as the former descending-with-T branch results from the thermally-activated portion ∝ exp(-ε A /k B T ) on k 12 (T ), while the latter ascending-with-T branch originates from the ∝ T −1 field-coupling term. The field term becomes dominant when the exponential saturates for k B T ≫ ε A . A crossover occurs at T cross , obtained from ν ef f exp(-ε A /k B T cross ) ≈ p/2k B T cross .
As stated before, our analysis relies on three fitting parameters: the barrier ε B , the vibrational frequency ν, and the reduced gap parameter η, as well as on the scaling factor P f it . Of these, ε B was determined directly from the slope of the highest-temperature Arrhenius-branch rate. Estimating ν was perhaps less straightforward, though it was determined from hν ∼ 4k B T ν, where T ν was at the start of the transition range connecting the low-temperature plateau region (transitions from the lowest level at n = 0) with the thermally activated range (overbarrier transitions at large n). 4T ν was taken to be the temperature of complete occupation of the next higher vibrational level at n = 1 in a harmonic-oscillator based analysis. Finally, the gap parameter η of a nonadiabatic process was determined to be √ (P f it /P th ), as explained below. All three main parameters were subject to more or less substantial variations until the resulting fit was considered sufficiently good for the purpose. We first checked an independent least-squares fit to a series of Boltzmann exponentials, namely k 12 (T) exp ≡T/ρ = n=0÷5 A n exp(-nξ/τ n ), with ξ = 1/T and τ n = k B /ηω n , allowing for anharmonic differences in the mode frequencies at the different energy levels, as quantized by n. The fitting results for τ n were seen fluctuating, which stimulated us to further use the harmonic single-frequency fitting formula at ω n = ω instead. The latter formula was seen to do nearly as well, except for a slight mismatch in the transition region between the low-temperature and Arrhenius branches (Figure 4) . After obtaining the fitting parameters A n and τ n (viz. ω n ), we took ε B from the Arrhenius slopes. This gave us two of the fitting parameters. The remaining ones were then found by adjusting η and P f it until the theoretical rate k 12 (T; ω n ,ε B ,η,P f it ) theor fitted closely the "experimental rate" k 12 (T) exp = T/ρ. This procedure produced the fitting values for η and P f it .
The graphical results are shown in Figure 5 , where the experimental data on both ρ c and ρ ab , represented in terms of their derived transfer rates, are plotted against the temperature T at various doping levels x [13] . The solid lines are our 'best fits' of the reaction rate equation (7) to the experimental data, giving
where P f it is a scaling factor. The fitting parameters are ε B , η, and hν. There is reasonable agreement of the theoretical equation (7) with the experimental rate plots (11) , in that the latter plots shaped the temperature dependence of a phonon-coupled dynamic rate, exhibiting both a low-temperature tunnelling portion and a higher-temperature thermally-activated Arrhenius branch [7] . The agreement with the rate formula within the entire temperature range lends support to our interpretation of the resistivity data. We find no evidence for a logarithmic singularity at the lowest temperatures, as claimed elsewhere [13] . Instead, a peak occurs in the predicted ρ(T ) dependence, as the low temperature flat term is overwhelmed by the exponential terms at the onset of the thermally-activated portion. However, this peak is hard to confirm experimentally, since it appears near the onset of a superconductivity that withstands the pair-inhibiting magnetic field at low temperature. Yet, traces of it may be spotted in the observed ρ c (T ) curves at the larger x.
In most of the observed rate dependencies, both axial and in-plane, the low-temperature tunneling rate within the plateau range was found to increase slightly, though linearly, with the temperature. Instead, the theoretical rate of an isothermal process, such as the reversible charge transfer, is predicted to be very nearly temperature-independent over the entire low-temperature plateau range. Now, it is safe to attribute the linear rate growth to a 1-phonon assisted tunneling process shown to increase ∝ T.Indeed, from the condition that the 1-phonon emission and absorption rates be proportional to the respective number of phonons ∆n ∆E = [exp(∆E/kT) -1] −1 , k em ∝ ∆E (∆n ∆E + 1) and k abs ∝ ∆E∆n ∆E , we get both rates ∝ T for kT ≫ ∆E. The relevant resistivity is proportional to the phonon-assisted tunnelling rate in two-level systems, as in glasses [27] :
where C is a constant and ∆ is the vibronic tunnelling splitting. The formula reduces to τ
Since the vertical tunneling process vanishes at zero point, we checked a correction to the isothermal rate of the form ∆k 12 (T) = AT, so that the overall low-temperature rate branch became ∼ AT + k 12 (0) iso . The fitting values of the linear rate coefficients A and the zero-point isothermal rates k 12 (0) iso are both listed in Table I , while fits obtained by means of the corrected rate formula
are shown in Figure 5 . A more rigorous approach to multiphonon absorption and emission rates will be discussed in greater detail elsewhere. In Fig.4 we also see that deviations of the experimental rates from the latter formula occur and become more pronounced as the doping x is increased. Indeed, after being completely absent at low x, misfits appear near optimal doping, in that the experimental data are increasingly underestimated by the theoretical rate. This implies the inclusion of another process not accounted for so far by the theoretical rate formula. The most obvious candidate is the 2-phonon vertical tunneling and, indeed, preliminary estimates showed that the discrepancies were proportional to higher powers of T. At doping levels higher than optimal (x ≥ 0.15), the critical temperature drops, La 2−x Sr x CuO 4 becoming virtually nonsuperconducting at x ≈ 0.20. As x is increased to optimum, the material, originally an insulator, converts to a doped, in-plane 2D metal with strong ionic features along the c-axis. Further doping results in the material transforming into a normal 3D metal. It is conceivable that multiphonon processes are enhanced by the transition to a normal metal.
The agreement between theory and experiment is further tested by deriving the scaling P factors for both ρ c and ρ ab , as in Table I . We apply the theoretical formula to an uniform distribution of Cu(P)-O(A) bonds: P theor = k B /ze N'xpR Cu−O , where z is the coordination number at the Cu site (number of Cu-O bonds). The doped hole density is N = 10 22 n orb x ≡ N ′ x, where n orb is the relative population of the oxygen orbital: n x 2 −y 2 in-plane and n z 2 axial. Setting p = eR Cu−O , we get P theor =4.68×10 7 /x [Ωcm/Ks] for ρ c (z=2, R Cu−O =2.4A, n z 2=0.1). Extending the model, we get P theor = 4.16×10
7 /x [Ωcm/Ks] for ρ ab (z=4,R Cu−O =1.8A, n x 2 −y 2 =1). P f it was calculated by linear regression in T/ρ vs. k 12 (T) theor co-ordinates, with k 12 (T) theor computed using the reaction-rate formula at fitting parameters ε B , η, and ω. Note that for non-adiabatic (small η), narrow-gap electron transfers, the electronic probabilities at both underbarrier and overbarrier levels are simply W el (n) = 4πγ n (at γ n ≪ 1 viz. η ≪ 1). Remember that γ n ∝ η 2 , so that η too enters as a scaling factor to the non-adiabatic transfer rate k 12 (T). Concomitantly, the apparent fitting factor P f it should now consist of two scaling terms: (i) P theor incorporating both the conversion of measuring units and doping effects and (ii) η 2 ; this gives P f it ∼ P theor η 2 . From the tabulated values, P theor appears underestimated in the ρ ab case. The misfit is not surprising in view of the specific (mosaic) geometry of the CuO 2 planes, where intersquare links are secured by shared O(P) elements. Alternatively, one should consider suggestions for a bipolaron nature of the in-plane transport. On the other hand, the better adherence to P f it in the ρ c case may be improved by considering the lower occupancy of the 3d 2 z Cu orbital (up to 10% of the doped hole density).
Identifying the axial energy gap
The vibronic Hamiltonian (4) is appropriate for describing phenomena in which a purely ionic picture suffices, such as the optical spectra. However, an ionic picture may become inadequate for dealing with transport phenomena dominated by hybridization of the relevant orbitals. Now, replacing the basis eigenstates, e.g. {|d>,|p>}, by hybridized states, such as the bonding (B), nonbonding (NB), and antibonding (AB) states of the O(A)-Cu(P)-O(A) triatomic molecule may prove appropriate. If so, the ionic energy gap ε dp is to be replaced by one of the hybridized gaps ε N B−AB,B−N B = 1{ε dp ± √ (ε 2 dp
+ 8t
2 pd )}, where the lower (upper) sign refers to the separation between the B-NB and NB-AB states, respectively [7, 20] . Alternatively, the gap may take another form if the electronic correlations are essential: ε gap = U − ∆ CT , where U is the correlation energy and ∆ CT is the charge transfer gap. It implies that the hole transfer is between the Cu lower Hubbard band and the O band.
The energy gap ε gap is the fitting parameter depending directly on the energy spectrum of the excitations that drive the axial transport process. Accordingly, we shall next consider two models for ε gap based on (i) the energy spectrum of the hybridized O(A)-Cu(P)-O(A) triatomic molecule and (ii) the energy spectrum incorporating the e − e correlations, splitting it into Hubbard bands.
The O(A)-Cu(P)-O(A) triatomic molecule
The O-M-O triatomic molecule, with O and M standing for oxygen and metal, respectively, is a basic building entity of high-T c cuprates. The energy spectrum of that molecule is well-known: It consists of "bonding" (B), "non-bonding" (NB), and "antibonding" (AB) energy levels, as follows (cf. [20] ): Fig.6(a) .
It may be instructive to reproduce the eigenstates corresponding to the above eigenvalues:
where |0> stands for the 3d 2 z orbital state, while |1> and |2> are the |2p z > orbitals of the lateral oxygens.
It is conceivable that a hole appearing on a |0> orbital will be promoted to the |1> and |2> orbitals by virtue of the dynamic mode coupling, thereby making the copper-tooxygen CT step of the axial transport.
The symmetry group of the MO 6 octahedron is O h in the absence of distortion. The symmetry-breaking vibrations of the O(A)-M(P)-O(A) unit involve oxygen displacements, mainly due to the smaller oscillator mass. These are the even parity E g and T 2g and odd parity T 1u and T 2u . T 1u splits to planar-E u and axial-polarized A 2u in a MO 6 cluster with tetragonal distortion. The metal orbital 3d z 2 is of symmetry e g relative to the inversion center at the normal metal site, while the two-oxygen orbital frame vibrates as an a 2u bi-orbital coupled to the A 2u mode. Accordingly, a Pseudo-Jahn-Teller (PJT) mixing of e g and a 2u by the A 2u mode is conceivable at t M −O =0, resulting in the configurational (double-well) instability of the ground-state doublet. As the hybridization is switched on, however, the doublet levels split, though lightly, as coupling to an E 2g mode now results in a Dynamic-Jahn-Teller (DJT) mixing, which relaxes the instability at the upper component while leaving a configurational instability at the lower one. The E 2g coupling will be allowed by group-theory, provided E 2g ⊂ A 2u ⊗ A 2u. For the e g orbital symmetry, the symmetric quadrate E g ⊗ E g = E g ⊕ A 1g decomposes into symmetry-breaking and symmetry-retaining components.
A due account of the point-group would require introducing two coordinates, Q E and Q A , so that the complete interaction DJT Hamiltonian would read
(g E ,g A )and (Q E , Q A ) are the respective coupling constants and mode coordinates. The configurational distortion at the ground-state level is in lengthening the axial M(P)-O(A) bonds as observed. The conclusion that both PJT and DJT couplings comprise the electron-mode interactions at MO 6 octahedra should undoubtedly be taken into account while considering quasi-1D polaron propagation along the c-axis. It appears that the polaron transport along the axis in the cuprates is mainly controlled by scattering from the ground-state double-well instability.
Correlation effects (Hubbard bands)
At this point, we introduce a spin subscript σ and formally add the Hubbard term U i n iα↑ n iα↓ to the electronic Hamiltonian in H P JT to account for the e − e correlations at α=3d z 2, the Cu(P) orbital. Here n iασ =a † iασ a iασ are the number-of-particles operators. Regarding the electron-electron correlation energy, U is expected to be large (U ≫ t pd ) (the order of 8 eV for 3d x 2 −y 2 holes, though it may differ considerably if the extra hole is 3d z 2), hybridization within the O(A)-Cu(P)-O(A) molecule will be discounted, its energy spectrum now collapsing into two Cu(P) bands: a lower Hubbard band and an upper Hubbard band, as well as into an O(A) band in between, as illustrated in Figure 6 (b). The energy splitting between the O(A) band and the upper Cu(P) band stands as a CT gap ∆ CT , while the energy splitting between the two Cu(P) Hubbard bands is given by the correlation energy U . The lower Hubbard band is completely full, while the upper Hubbard band is empty. Doped holes are believed to appear in the intermediate oxygen band. In this way, the energy gap ε gap controlling the axial transport will be given by U − ∆ CT . Since the oxygen band originates from a doublet level arising from an O(A)-O(A) frame symmetric with respect to the inversion center at Cu(P), the oxygen band may be assumed to be definite (odd) parity, whereas the copper band is even parity. In this way, the axial-mode mixing of any of the Hubbard bands with the oxygen band will be assumed ungerade, most likely of the A 2u or E u symmetries. This would identify the phonon coupling controlling the electric transport as a PJT effect giving rise to lowersymmetry vibronic polarons propagating along the c-axis. If ε gap comes from the splitting between the O(A) oxygen band and the lower Cu(P) band, then U − ∆ CT should not exceed 1 meV. This would set an upper bound for U < 1.6 eV on grounds of available estimates for ∆ CT ∼ 1.5 eV from c-axis optical spectra. This value being a gross underestimate for an e − e correlation energy, it suggests that ε gap is inherent in a hybridized triatomic molecule as discussed in Section 7.1.
Discussion
We described an approach to the axial transport problem based on hole hopping between Cu(P) 3d z 2 and O(A) 2p z orbitals. In view of the occupancy of the 3d z 2 orbital being only a few percent of the doped hole density, objections may be raised as to the feasibility of our calculations. However, it is easy to see that our model is more general, and similar analyses can be made based on hole hopping between apex oxygen a 2u orbitals and the planar a 1 or b 1 molecular orbitals, instead. The 2p z -3d z 2 option has the advantage of avoiding the Hubbard splitting associated with the inhibited double occupancy of the 3d x 2 −y 2 level: The large positive U should not be that large when the two holes reside on different 3d z 2 and 3d x 2 −y 2 orbitals.
Our fitting and derivative parameters at various x are listed in Table I . We first compare data therein with cluster calculations that point to Jahn-Teller energies ε JT that fall within the range of tenths of an eV (ε JT >0.6 eV). However, the Table I data, as derived from the resistivities, suggest ε JT a hundred times lower (typically ε JT ∼ 5 meV). This implies that hybridization of the eigenstates plays an essential role in the carrier transport along the c-axis, as it should. Indeed, taking into account the electron hopping, for example, t b1−a2 ∼0.015eV (cf. Fig.2 left) , the bonding-to-nonbonding (B-NB) energy gap is ε B−N B =1|∆ b1−a2 − √ (∆ b1−a2 cluster. Plausibly, ε B−N B should enter as an energy gap ε gap in the vibronic mixing of the hybridized levels by A 2u and E u modes to generate double-well potentials, and thereby the dynamic coupling that builds the temperature dependence of the resistivity. From a reaction-rate viewpoint, the low gap energies ε gap ∼ 0.8 meV leading to η ∼ 0.03 imply a nonadiabatic electron transfer.
A first point arising from the fitting parameters in Table I is the coupled axial phonon frequency, which appears associated with an acoustic rather than optical vibration. It seems weakly dependent, if at all, on the doping x. We have no further comment at this point on the acoustic character, though recall that the low fitting frequency comes from the low energy meV scale of our transport parameters.
We also see that the interwell barriers ε B do not differ drastically on going from ρ c to ρ ab . Nevertheless, the barriers seem to first jump and then drop, as the doping x is increased towards the overdoped range, where the resistivity turns purely metallic. A mostly metallic resistivity would cover the entire temperature range near T for barriers so low that ε B ≪ k B T . The crossover (polaron binding) energy ε C ≈ ε B being inversely proportional to the polaron size, an ultimate axial conversion is implied from smaller polarons to larger polarons as the carrier concentration x goes to the overdoped range. This expectation converges with our earlier two-fluid boson-fermion model for the T c − p phase diagrams of La 2−x Sr x CuO 4 [20] . A similar trend of increasing the polaron size may be deduced from the in-plane data.
Parameter data from earlier literature are summarized in Table II [7, 20, 28, 29] . For comparison, we present a summary of vibronic-polaron parameters reported in earlier papers, as derived from optical and transport data on La 1−x Sr x CuO 4 . These parameters are tabulated along with our assignments.
The temperature dependencies by Boebinger et al. are remarkable in several ways [13] . First, the experimental ρ c and ρ ab data therein show that the dominant feature below or near optimum doping in the superconducting range (T < T c ), where pairing has been suppressed by an external magnetic field, is the scattering of fermionic excitations by double wells. We believe this conclusion is an essential clue to the superconductive mechanism. Second, experimental ρ c data show that the same excitations active in the magnetically suppressed pairs range below T c are those operative in the normal state above T c . Otherwise there would have been a change of thermal slope across T c , not displayed by the ρ c data. This lends support to a BCS-like pairing mechanism of vibronic polarons along the c-axis, which polarons form as hole fermion excitations couple to the double wells, rather than pairing as real-space vibronic bipolarons, since BCS pairs occur and condense at T c , while bipolarons should be there at T > T c . The vibronic polarons evolve from small through large, as doping is increased from the underdoped range across the optimum doping through the overdoped range [20, 28] . Third, the experimental ρ ab data do not lead to similar conclusions, for there is an apparent change of slope and magnetoresistance in the crossover range. The ρ ab data do not rule out that the in-plane transport in the normal state is dominated by a double fluid of polarons and bipolarons, as in double-layered cuprates. In the normal state at T > T c , the behaviour near optimum doping and above is rather metallic both in-plane and out-of-plane.
The present microscopic study of double-well (two-level) systems agrees with pathintegral investigations of similar species [8] . The double-well results suggest that a coherent axial transport may arise from the coupling of electronic excitations to site-splitting potentials associated with apex oxygens. Our model predictions agree with the experimental temperature dependencies of the axial resistivity [4, 13] . Yet, actual phase coherence may be lost by virtue of an intense carrier scatter preceding the otherwise coherent axial hops [9] . It should also be stressed that the present c-axis transport in the strongcoupling limit is presumably carried by non-degenerate polarons. The average kinetic energy of a non-degenerate electronic gas is k B T, while it is ε F in the degenerate electronic gas of a metal. This explains why the Fermi energy ε F is missing in our c-axis equations, unlike the situation in the ab-plane or in metals.
Alexandrov & Mott's mixture theory of the high-T c cuprates assumes uni-carrier tunnelling along the c-axis, as does our present model. Unlike them, Anderson's theory postulates a novel kind of superconductivity in the cuprates that arises from the axial tunnelling of pairs of carriers. Undoubtedly, further analyses of experimental ρ c data will shed more light on the axial tunnelling process near the onset of superconductivity. In Fig.7 we compare our formal approach to ρ ab (T ) with Alexandrov's, based on his abovementioned formula. In contrast, our series of exponentials do not lead to any logarithmic terms. It would be very informative to apply Alexandrov's bipolaron formula to the ρ c vs. temperature data as well.
Finally, we stress that the present ρ ∝ T part of the resistivity, dominant in the metallic range, arises from our applying Boltzmann statistics to the averaged phononcoupled traversal time τ 12 = k −1 12 along the Cu-O bond. Boltzmann statistics had led Sir Nevill to deduce a related temperature dependence for the carrier mobility µ σ , and thereby conductivity σ σ , from a temperature-independent diffusion coefficient D σ of spin polarons using the Nernst-Einstein relation [30] . From µ l in Section 2, our dielectric bond-polarons have a diffusion coefficient
that is also temperature-independent in the metallic range. It might be that the observed ρ ∝ T dependence implies that axial, and possibly in-plane excitations, migrate quasifree as bond polarons that do not undergo any other significant scattering or multiple trapping in the normal state. The semiconductor-like resistivity range, as unraveled in pulsed magnetic fields, provides otherwise concealed evidence for the formation of these quasifree carriers.
In conclusion, we applied a model where the dominant feature shaping the temperature behaviour of both the axial and in-plane electrical resistivities in single-layered high-temperature superconducting cuprates is the scattering of fermionic excitations by double-well potentials. The model appears not only to agree with qualitative features of the temperature dependences but also to stick quantitatively to the experimental data. Although assumed double wells originate from a vibronic mixing at Cu-O bonds, further work will be needed to disclose the exact nature of the polaron potentials in single-layered cuprates.
Finally, the adherence of an electric current formula from strong electrolytes to highTc superconductors is what we wanted to check. Our best fits of the reaction rate equations to the experimental data at five different dopings may be regarded as a sound indication of the feasibility of ionic methods to describing events along the c-axis. Notwithstanding, this equation is not as good in the ab-plane, which is known to be rather metallic. ε JT (eV) 0.396 ε dp (eV) 0.9 η(ε dp /4ε JT ) 0.568 ω bare (eV) 0.063 (c). Vibronic polaron parameters from Mihailov et al. [20] (optical) ε JT (eV) = 0.395 ε JT (eV) = 0.39 [1+0.2exp(-x/0.032)] ε dp (eV) = 0.992 η(ε dp /4ε JT ) =0.628 ω bare (eV) = 0.058(E u ), 0.079(A 2u ) (d). Vibronic-polaron parameters from Georgiev et al. [7] (essentially optical) ε JT (eV) = 0.39 ε N B−AB (eV) = 1.48 η(ε N B−AB /4ε JT ) = 0.949 ω bare (eV) = 0.064 (e). Vibronic-polaron parameters from Georgiev et al. [31] (transport) ε B (meV)= 7.8 η = 0.4 hν (meV) = 2.5 Table 2 Double-well and vibronic-polaron parameters. The double-well potential deduced from axial-resistivity data at x = 0.12. The energies ε gap , ε C and ε B involved in the rate formula k 12 (T ) are delineated, as are the well-bottom co-ordinates ±Q 0 . Fig. 4 Fit of the sum of five harmonic exponentials at the same vibrational frequency of the experimental axial rate data at x=0.17. The mismatch in the transition range between lowtemperature tunneling and thermally activated branch is due to the 1-phonon vertical tunneling not accounted for by the fit. Fig. 5 Comparison of the dynamic coupling model with experimental T/ρ data for a singlelayered cuprate superconductor: upper set ρ c , lower set ρ ab . The original experimental resistivity ρ versus absolute temperature T data on La 2−x Sr x CuO 4 are from Reference [13] . The solid lines show our respective theoretical reaction rate fits. Vertical tunneling corrections ∝ AT were added to the rate, as explained in Section 6. All fitting parameters are listed in Table 1 . Fig. 7 Alexandrov's bipolaron formula for the in-plane resistivity ρ ab (T ) in La 2−x Sr x CuO 4 (dashed line), as compared with experimental data at x=0.13 (filled triangles), according to Reference [17] . For comparison, we plot our result for ρ(T) ab = P f it T/ k 12 (T) ab (solid line) versus experimental data at x=0.15 from Reference [13] (filled squares). The dynamic rate k 12 (T) ab is as in Fig.4 .
